The idea that cognitive development involves a shift towards abstraction has a long history in psychology. One incarnation of this idea holds that development in the domain of mathematics involves a shift from non-formal mechanisms to formal rules and axioms. Contrary to this view, the present study provides evidence that reliance on non-formal mechanisms may actually increase with age. ParticipantsDutch primary school children -evaluated three-term arithmetic expressions in which violation of formally correct order of evaluation led to errors, termed foil errors. Participants solved the problems as part of their regular mathematics practice through an online study platform, and data were collected from over 50,000 children representing approximately 10% of all primary schools in the Netherlands, suggesting that the results have high external validity. Foil errors were more common for problems in which formally lower-priority sub-expressions were spaced close together, and also for problems in which such sub-expressions were relatively easy to calculate. We interpret these effects as resulting from reliance on two non-formal mechanisms, perceptual grouping and opportunistic selection, to determine order of evaluation. Critically, these effects reliably increased with participants' grade level, suggesting that these mechanisms are not phased out but actually become more important over development, even when they cause systematic violations of formal rules. This conclusion presents a challenge for the shift towards abstraction view as a description of cognitive development in arithmetic. Implications of this result for educational practice are discussed.
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Introduction
The idea that cognitive development involves a shift towards abstraction has a long history in psychology (Gentner & Toupin, 1986; Gentner, 1988 Gentner, , 2003 Keil & Batterman, 1984; Keil, 1989; Piaget, 1952; Rattermann & Gentner, 1998; Vygotsky, 1962) . This shift supposedly involves decreasing reliance on perceptual features and details of context, and increasing reliance on abstract features and context-free rules. In academic disciplines such as mathematics and physics, the development of expertise as a result of education and experience has also been described in terms of a shift towards abstraction (Chi, Feltovich, & Glaser, 1981; Chi & VanLehn, 2012; De Lima & Tall, 2008; Novick, 1988; Tall, 1995 Tall, , 2008 . However, some researchers have challenged the notion of a shift towards abstraction on both theoretical (Keil, Smith, Simons, & Levin, 1998) and empirical (Bulloch & Opfer, 2009) grounds, or even proposed that a shift in the opposite direction may occur (Simons & Keil, 1995; Varma & Schwartz, 2011) .
The present study provides evidence that in the domain of symbolic arithmetic, the influence on performance of formally extraneous perceptual and contextual details increases with age and experience, suggesting that development in this domain cannot be fully characterized in terms of a shift towards abstraction. Arithmetic is an attractive domain for investigating this issue for at least two reasons. First, there exist explicit formal rules constraining correct performance in arithmetic, so it is natural to suppose that arithmetic competence consists precisely in following these rules, and that the development of such competence involves a shift towards such formal rule-governed behavior. Thus, one might expect arithmetic to be a likely domain for showing a developmental shift towards abstraction. Secondarily, arithmetic is of immense practical importance, due to its direct utility in a wide range of http://dx.doi.org/10.1016/j.cognition.2016.01.004 0010-0277/Ó 2016 Elsevier B.V. All rights reserved.
